Thymol is a phenolic compound that affects physiology in different cell models. However, whether thymol affects Ca 2+ homeostasis in prostate cancer cells is unknown. 
Introduction
Thymol is a natural essential oil present in many plants. Thymus ciliatus is the highest thymol containing species of the genus (2, 8, 22) . Thymol is also a major component of thyme and oregano and has medical uses in oral care products as an astringent and antibiotic (7, 17, 23) . Thymol has many physiological effects in different cells. In terms of Ca 2+ signaling, thymol suppressed spontaneous contractile activity of the smooth muscles (3), inhibited skeletal type sarcoplasmic reticulum Ca 2+ -ATPase and ryanodine receptors (28) , relaxed rat isolated aorta (24) , activated hTRPA1 channels (19) , and induced Ca 2+ mobilization and ion currents in pituitary GH3 cells (29) . Regarding cytotoxicty, thymol protected Chinese hamster lung fibroblasts from radiation-induced cytotoxicity (1) , and inhibited suicidal erythrocyte death (20) . Furthermore, thymol changed flight motor activity and wing beat frequency in the blowfly Phaenicia sericata (35) . However, the effect of thymol on Ca 2+ homeostasis and associated physiological effects in prostate cancer cells has not been explored. Ca 2+ is a key second messenger in many biological responses. Cytosolic free Ca 2+ concentrations ([Ca 2+ ] i ) can be increased upon a stimulation. This results in many pathophysiological cellular processes (4) . An uncontrolled Ca 2+ signal may alter secretion, contraction, protein activity, apoptosis, and proliferation, etc. (6) . Since Ca 2+ signaling is so important, cells have complex mechanisms to regulate Ca 2+ influx and release. In order to understand the physiological significance of this Ca 2+ signal, it is important to elucidate the underlying mechanisms.
The aim of this study was to examine the effect of thymol on [Ca 2+ ] i and viability, and to elucidate the underlying pathways in PC3 human prostate cancer cells. This cell line is a useful model for prostate research. Furthermore, the PC3 cell was used because it produces measurable [Ca 2+ ] i rises upon pharmacological stimulation. It has been shown that in this cell, [Ca 2+ ] i rises and death can be evoked by stimulation with chemicals such as diindolylmethane (34) , celecoxib (36) , and resveratrol (9) .
In this study, fura-2 was used as a Ca 2+ -sensitive dye to measure [Ca 2+ ] i . The [Ca 2+ ] i rises were characterized, the concentration-response plots were established, and the pathways underlying thymol-evoked Ca 2+ entry and Ca 2+ release were explored. The cytotoxic effect of thymol and its relationship with Ca 2+ was assessed.
Materials and Methods

Chemicals
The reagents for cell culture were purchased from Gibco ® (Gaithersburg, MD, USA). Aminopolycarboxylic acid/acetoxy methyl (fura-2/AM) and 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid/ acetoxy methyl (BAPTA/AM) were from Molecular Probes ® (Eugene, OR, USA). Thymol and all other reagents were purchased from Sigma-Aldrich ® (St. Louis, MO, USA) unless otherwise indicated.
Cell Culture
PC3 human prostate cancer cells obtained from Bioresource Collection and Research Center (Taiwan) were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. ] i was measured as previously described (9, 34, 36) . Confluent cells grown on 6 cm dishes were trypsinized and made into a suspension in culture medium at a concentration of 10 6 cells/ml. Cell viability was determined by trypan blue exclusion. The viability was greater than 95% after the treatment. Cells were subsequently loaded with 2 μM fura-2/AM for 30 min at 25°C in the same medium. After loading, cells were washed with Ca 2+ -containing medium twice and was made into a suspension in Ca 2+ -containing medium at a concentration of 10 7 cells/ml. Fura-2 fluorescence measurements were performed in a water-jacketed cuvette (25°C) with continuous stirring; the cuvette contained 1 ml of medium and 1 million cells. Fluorescence was monitored with a Shimadzu RF-5301PC spectrofluorophotometer immediately after 0.1 ml cell suspension was added to 0. 9 ] i was calculated as previously described (13) .
Solutions Used in [Ca
Mn 2+ quenching of fura-2 fluorescence was performed in Ca 2+ -containing medium containing 50 μM MnCl 2 . MnCl 2 was added to cell suspension in the cuvette 30 sec before the fluorescence recoding was started. Data were recorded at excitation signal at 360 nm (Ca 2+ -insensitive) and emission signal at 510 nm at 1-sec intervals as described previously (21) .
Cell Viability Assays
Viability was assessed as previously described (9, 34, 36) . The measurement of cell viability was based on the ability of cells to cleave tetrazolium salts by dehydrogenases. Increases in the amount of developed color directly correlated with the number of live cells. Assays were performed according to manufacturer's instructions (Roche Molecular Biochemical, Indianapolis, IN, USA). Cells were seeded in 96-well plates at a concentration of 10,000 cells/well in culture medium for 24 h in the presence of thymol. The cell viability detecting tetrazolium reagent 4-[3-[4-lodophenyl]-2-4(4-nitrophenyl)-2H-5-tetrazolio-1,3-benzene disulfonate] (WST-1; 10 μl pure solution) was added to samples after thymol treatment, and cells were incubated for 30 min in a humidified atmosphere. In experiments using BAPTA/AM to chelate cytosolic Ca 2+ , cells were treated with 5 µM BAPTA/AM for 1 h prior to incubation with thymol. The cells were washed once with Ca 2+ -containing medium and incubated with/without thymol for 24 h. The absorbance of samples (A 450 ) was determined using an enzyme-linked immunosorbent assay (ELISA) reader. Absolute optical density was normalized to the absorbance of unstimulated cells in each plate and expressed as a percentage of the control value.
Statistics
Data are reported as mean ± SEM of three separate experiments. Data were analyzed by one-way analysis of variances (ANOVA) using the Statistical Analysis System (SAS  , SAS Institute Inc., Cary, NC, USA). Multiple comparisons between group means were performed by post-hoc analysis using the Tukey's HSD (honestly significantly difference) procedure. P < 0.05 was considered significant.
Results
Effect of Thymol on [Ca
2+
] i ] i rises by approximately 30% (P < 0.05) (Fig. 3) .
Sources of Thymol-Induced Ca 2+ Release
In most cell types including PC3 cells, the endoplasmic reticulum has been shown to be the main Ca 2+ store (6) . Thus the role of the endoplasmic reticulum in thymol-evoked Ca 2+ release in PC3 cells was explored. The experiments were conducted in Ca 2+ -free medium to exclude the involvement of Ca 2+ influx. Fig. 4A shows that 2+ from the endoplasmic reticulum, the role of PLC in this process was examined. The PLC inhibitor U73122 (32), was applied to explore if the activation of this enzyme was required for thymol-evoked Ca [Ca 2+ ] i rises. U73343 (2 μM), a U73122 analogue, did not have an effect (not shown).
Effect of Thymol on Cell Viability
Cells were treated with 0-900 μM thymol for 24 h, and tetrazolium assay was performed. In the presence of thymol, cell viability decreased in a concentrationdependent manner between 100-900 μM (Fig. 6) Fig. 6 shows that 5 μM BAPTA/AM loading did not alter control cell viability. In the presence of 100-900 μM thymol, BAPTA/AM loading failed to prevent thymol-induced cell death. This suggests that thymol-induced cell death was not caused by preceding [Ca 2+ ] i rises.
Discussion
Ca 2+ signaling regulates physiology in most cell types including human prostate cancer cells (4, 6) . Previous studies showed that the phenolic compound thymol affected Ca 2+ signaling in various cell models such as MDCK canine renal tubular cells (11), MG63 human osteosarcoma cells (10) and DBTRG-05MG human glioblastoma cells (14) . However, whether thymol affected Ca 2+ homeostasis in PC3 cells is unclear. The results show that thymol concentration- -independent cell death. Cells were treated with 0-900 μM thymol for 24 h, and the cell viability assay was performed. Data are mean ± SEM of three separate experiments. Each treatment had six replicates (wells). Data are expressed as percentage of control that is the increase in cell numbers in thymol-free groups. Control had 10,987 ± 799 cells/ well before experiments, and had 13,557 ± 725 cells/ well after incubation for 24 h. *P < 0.05 compared to control. In each group, the Ca 2+ chelator BAPTA/AM (5 μM) was added to cells followed by treatment with thymol in Ca 2+ -containing medium. Cell viability assay was subsequently performed.
# (27) . So far, there are also no selective blockers for TRPC channels.
Another question was regarding the Ca 2+ stores involved in thymol-induced Ca 2+ release. The thapsigargin-sensitive endoplasmic reticulum stores might be the dominant one because thapsigargin pretreatment abolished thymol-induced [Ca 2+ ] i rises; and conversely, thymol pretreatment also abolished thapsigargin-induced Ca 2+ release. The data further show that the Ca 2+ release was via a PLC-dependent mechanism, given the release was abolished when PLC activity was inhibited. Thus the data suggest that thymol induced Ca 2+ release from the endoplasmic reticulum in a PLC-dependent pathway.
In terms of cytotoxic effects of thymol on cancer cells, at an IC 50 value of 700 μM, thymol has been shown to induce cytotoxicity in Hep-2 human laryngeal carcinoma cells (30) . Our study shows that thymol (100-900 μM) was also cytotoxic to PC3 cells in a concentration-dependent manner. Ca 2+ overloading is known to initiate processes leading to alteration in cell viability (4, 6 (11) , MG63 cells (10), DBTRG-05MG cells (14) , but at a higher concentration range of 100-900 μM in PC3 cells. Because various cancer cell types derived from different origins may have different mechanisms of cytotoxicity, depending on the physiological function of this particular cell. Therefore, the effect of thymol on cytotoxicity may depend on cell types and concentrations.
Several studies were performed to explore the plasma level of thymol in animal or adults. The plasma level of thymol may reach ~100 µM (5, 18) . This level may be expected to go much higher in patients with liver or kidney disorders or taking higher doses. Our data show that thymol at a concentration of 100 µM induced slight cell death. Therefore, our data may be clinically relevant in some groups of patients.
Together, the data show that thymol induced PLC- 
